In plants, animals, and fungi, DNA methylation is frequently associated with gene silencing, yet little is known about the role of the methylation in silencing. In Neurospora crassa, repeated sequences are silenced by repeat-induced point mutation (RIP) and genes that have suffered numerous GC → AT mutations by RIP are typically methylated at remaining cytosines. We investigated possible effects on transcription from methylation associated with RIP by taking advantage of 5-azacytidine, which prevents most methylation in Neurospora and a dim-2 mutation that abolishes all detectable methylation. Northern analyses revealed that methylation prevents the accumulation of transcripts from genes mutated by RIP. Measurements of transcription rates in vivo showed that methylation inhibits transcription severely but does not influence mRNA stability. Results of nuclear run-on experiments demonstrated that transcription initiation was not significantly inhibited by the dense methylation in the promoter sequences. In contrast, methylation blocked transcription elongation in vivo.
Many eukaryotes modify their DNA by the addition of a methyl group to the five position of selected cytosine residues. The correlation between DNA methylation and gene inactivity has been documented extensively, especially in animals, and has led to the idea that methylation plays a role in controlling gene expression (for review, see Bird 1992; Tate and Bird 1993; Eden and Cedar 1994) . Transfection experiments with DNA methylated in vitro demonstrated that methylation can inhibit gene expression (Vardimon et al. 1982; Keshet et al. 1985; Yisraeli et al. 1988) . Conversely, prevention of DNA methylation with 5-azacytidine can lead to activation of some silenced genes (Jones 1984; Ferguson et al. 1995) . The importance of DNA methylation for mammals was demonstrated when it was found that disruption of the murine methyltransferase gene blocks embryogenesis (Li et al. 1992) . DNA methylation has been implicated in epigenetic processes such as X-chromosome inactivation (Singer-Sam and Riggs 1993) and genomic imprinting (Bartolomei et al. 1993; Li et al. 1993; Razin and Cedar 1994) , providing a possible basis for this observation.
It is generally assumed that DNA methylation inhibits gene expression at the level of transcription initiation (Bird 1992; Tate and Bird 1993; Eden and Cedar 1994) . Although decisive evidence is lacking, the assumption is based on observations that methylation required for, or at least associated with, gene silencing tends to be at the 5Ј end of genes (Keshet et al. 1985; Levine et al. 1992; Ngô et al. 1996) . Two types of models have been proposed to explain how methylation can inhibit transcription. In the first, methylation interferes directly with the binding of trans-acting factors to their recognition sites. A number of trans-acting factors, including AP-1 (Comb and Goodman 1990) , c-Myc/Myn (Prendergast et al. 1991) , and NF-B (Bednarik et al. 1991) , do not bind to their recognition sites when these sites include a methylated CpG. Other transcription factors, such as Sp1 and CTF, are insensitive to methylation of their sites, however (Ben-Hattar et al. 1989 ). Furthermore, a number of studies have suggested that methylation does not prevent transcription directly (Levine et al. 1992; Rhodes et al. 1994 ). In the second class of models, methylation inhibits transcriptional activity indirectly, for example, by inducing an alteration in chromatin structure or by attracting proteins that bind to methylated DNA in a sequence-independent manner. The inhibitory effect of methylation has been demonstrated to require the packaging of a methylated template into chromatin (Buschhausen et al. 1987) , and a number of proteins that bind methylated sequences have been described (Tate and Bird 1993) . Two of these methyl-DNA-binding proteins, MeCP-1 (methyl-CpG-binding protein-1) and MeCP-2, have been implicated in the repression of transcription from methylated sequences (Boyes and Bird 1991; Nan et al. 1997) .
The filamentous fungus Neurospora crassa offers a simple system to study the effect of DNA methylation on transcription in eukaryotes. One advantage Neurospora offers is that methylation is dispensable as revealed by the isolation of a mutant, dim-2 (defective in DNA methylation), that eliminates all detectable methylation (Foss et al. 1993) . Most of the methylation in the wildtype Neurospora genome is associated with sequences that have been altered by the genetic process named RIP (repeat-induced point mutation), which operates in the premeiotic haploid nuclei of the developing fruiting body (Selker et al. 1987; Selker 1990 Selker , 1997 . RIP surveys the genome for duplicated sequences, and when found, riddles both copies with GC → AT mutations (Selker and Garrett 1988; Cambareri et al. 1989) . If a duplicated sequence includes a gene, the damage by RIP typically leaves both copies of the gene nonfunctional. Genes that have suffered numerous point mutations by RIP are usually methylated at most remaining cytosines (Selker and Stevens 1985; Selker et al. 1993; Singer et al. 1995) . This methylation is not confined to symmetrical sequences (Selker and Stevens 1985; Selker et al. 1993 ) and sometimes extends for a short distance beyond the region mutated by RIP (Miao et al. 1994; Singer et al. 1995; Irelan and Selker 1997) . The function of the methylation resulting from RIP is not known.
Indirect evidence suggesting that methylation can influence gene expression in Neurospora came from studies on the behavior of an allele of the am gene (NADPspecific glutamate dehydrogenase) that resulted from insertion of the Tad retrotransposon in the gene's upstream region. Strains with this allele, am::Tad3-2, display a highly unstable Am −/+ phenotype (Kinsey and Helber 1989) . Methylation associated with the 5Ј region of the Tad3-2 element was found to be necessary for am expression; preventing methylation with 5-azacytidine or dim-2 eliminated reversion to Am + (Cambareri et al. 1996) . To further elucidate the function of DNA methylation in N. crassa, we explored the effect of methylation associated with genes altered by RIP. We found that the methylation can prevent accumulation of transcripts. In vivo labeling experiments demonstrated that the failure to accumulate transcripts from methylated alleles is attributable to reduced transcription rather than reduced mRNA stability. Nuclear run-on experiments demonstrated that initiation of transcription was not inhibited significantly despite extensive methylation in the proximal promoter regions but rather, showed that methylation inhibited transcription elongation. (Singer et al. 1995 , and am RIP8 were heavily methylated Singer et al. 1995) . The methylation status of these alleles in strains grown 3 hr from conidia (asexual spores), assessed by digesting genomic DNA with the methylation-sensitive restriction enzyme Sau3AI, is shown in Figure 1A . The wild-type and am RIP2 alleles showed no sign of methylation at any of the Sau3AI sites (lanes 1,3) . The am RIP5 , am RIP6 , and am RIP8 alleles showed heavy methylation at Sau3AI sites throughout the gene and extended beyond the sequences altered by RIP, as indicated by the appearance of bands representing fragments larger than 3 kb (lanes 5,7,9) .
Results

Reduced transcript levels from methylated
Northern analysis of total RNA from the am RIP2 strain showed that the level of mRNA from this unmethylated allele was comparable with that of the wild-type am gene (Fig. 1B, lanes 1,3) . In sharp contrast, analysis of RNA from strains with the methylated alleles, am RIP5 , am RIP6 , and am RIP8 , showed extremely reduced transcript levels (Fig. 1B, lanes 5,7,9) . A control probing for his-3 transcripts and methylene blue staining of the rRNA demonstrated that the RNAs were evenly loaded (Fig. 1B) . , and am RIP8 alleles, the strains were treated with 5-azacytidine (5-azaC), which efficiently prevents DNA methylation in Neurospora (Selker and Stevens 1985) . DNA and RNA were extracted from conidia germinated in the presence of 24 µM 5-azaC. Treatment with 5-azaC prevented, almost completely, methylation of the am RIP5 , am RIP6 , and am RIP8 alleles, as shown by the disappearance of the high-molecular-weight Sau3AI fragments (Fig. 1A, lanes 6,8,10 ). The 5-azaC treatment had little or no effect on mRNA levels from the wild-type am allele and the unmethylated am RIP2 allele (Fig. 1B, lanes 1-4) . In contrast, 5-azaC treatment of the strains containing the am RIP5 , am RIP6 , or am RIP8 alleles led to a significant accumulation of mRNA (Fig. 1B, lanes 6-10) . The levels of am RIP5 and am RIP6 mRNAs in the 5-azaC-treated strains were lower than those from the unmethylated wild-type and am RIP2 alleles. Both of these alleles have nonsense mutations early in their coding sequence [codons 28 and 53, respectively (Singer et al. 1995) ]; therefore, it seems likely the reduction in mRNAs from these alleles was attributable to a process called nonsense-mediated mRNA decay, which has been described for Saccharomyces cerevisiae and other organisms (Peltz et al. 1994; Beelman and Parker 1995) . RIP might have also created one or more signals that trigger rapid decay of transcripts, equivalent to the AU-rich elements in the 3Ј-untranslated region of many short-lived mammalian transcripts (Zubiaga et al. 1995) . Unlike am RIP5 and am
5-Azacytidine treatment increases transcript
RIP6
, the am RIP8 allele in the 5-azaC-treated strain produced a high level of transcripts but failed to produce a full-length transcript, instead producing three smaller transcripts. The numerous C → T transition mutations on the coding strand (Singer et al. 1995 ) may have caused termination or led to aberrant post-transcriptional processing, yielding the three transcripts. The latter possibility seems likely because all three transcripts were polyadenylated and initiated at or very near the normal am transcription start sites as determined by RT-PCR and hybridization experiments (data not shown). , and am RIP8 mRNAs in response to 5-azaC were attributable to inhibition of DNA methylation, but it remained possible that the increased mRNA levels resulted indirectly from an effect of 5-azaC on another cellular function (Shin et al. 1992; Crosthwaite et al. 1995) . We therefore examined the effect of preventing methylation genetically, using a mutation isolated in our laboratory that prevents DNA methylation (Foss et al. 1993) . Results of a Southern hybridization confirmed that the dim-2 (defective in DNA methylation) mutation crossed into am RIP6 and am RIP8 strains successfully prevented all detectable methylation of the alleles ( Fig. 2A; (Fig. 2B , lane 6) at levels comparable with those observed after 5-azaC treatment (lane 5). Thus, both methods to prevent methylation resulted in increased levels of steady-state mRNA. We conclude that the methylation of genes mutated by RIP can prevent mRNA accumulation.
Accumulation of
Extent of methylation of am
RIP8
As a step to understand the inhibitory effect of methylation, we extended our methylation analysis of the am RIP8 allele. In prior work, genomic sequencing showed methylation at >80% of the cytosines within six regions of am
, including the promoter consisting of the putative TATA box and start sites of transcription ). The genomic sequencing was conducted on DNA from a strain (N617) grown for 16 hr, whereas the Northern results described above were from cultures germinated for 3 hr. Because methylation levels are known to change during vegetative growth (Russell et al. 1987; Roberts and Selker 1995; M. Rountree, H. Foss, and E. Selker, unpubl.) , we analyzed the level of methylation at a number of sites within and surrounding the am RIP8 allele after just 3 hr. Our results are summarized in Figure 3 . Sites within and flanking the mutated region displayed a high level of methylation, including sites around the promoter, consistent with the genomic sequencing data. Sites farther upstream, however, were only lightly methylated or not methylated at all. Expression of the am gene is driven by two upstream enhancerlike elements, am␣ and am␤ (Frederick and Kinsey 1990a) , which have been demonstrated to bind nuclear factors (Frederick and Kinsey 1990b; Chen and Kinsey 1994) . Restriction sites close to these enhancer-like sequences were not methylated. These results suggest that methylation could not directly prevent binding of factors to upstream activator sequences but might interfere with interactions at the proximal promoter.
Decreased rate of transcription from the methylated
It was conceivable that the reduced steady-state transcript levels resulted from an effect of methylation on transcription, transcript stability, or both. To investigate these possibilities, we carried out in vivo labeling experiments using [ 3 H]uridine, as described in the Materials and Methods. To obtain good uptake of the [ 3 H]uridine, we took advantage of a mutation in the pyrimidine (pyr) biosynthesis pathway (Caroline and Davis 1969) . In addition, we substituted NaNO 3 for NH 4 NO 3 in the medium because uptake of uridine has been reported to be enhanced in the presence of a poor nitrogen source (Buxton and Radford 1982) . We also determined the minimal level of uridine supplementation required to give normal growth 3 hr after inoculation with conidia at 33°C (37.5 µg/ml). Northern analysis of the dim + (N1223) and dim-2 (N1224) am
RIP8
; pyr-1 sibling strains grown under these conditions showed transcript levels comparable with those observed in the experiments described above (data not shown).
Labeling of RNA in the dim-2 and dim + ; am RIP8 strains was initiated 3 hr after inoculation, and the cultures were sampled 3, 6, 10, 15, 20, and 30 min thereafter. The 3 H-labeled RNA extracted from the samples was used to probe denatured plasmid DNA containing genes of interest, and the RNA bound was measured by scintillation counting as described in Materials and Methods. After 30 min of labeling, only 40% of the [ 3 H]uridine had been consumed by the cells, suggesting that uridine was not limiting in these experiments. Transcription rates of the methylated and unmethylated am RIP8 alleles were standardized to the unmethylated histone H4 gene. The rate of transcription from the unmethylated (dim-2) am RIP8 allele (0.063 cpm/µg of total RNA/min) was more than five times greater than that of the methylated (dim + ) am RIP8 allele (0.012 cpm/µg of total RNA/min; Fig. 4 ). Nearly identical results were obtained when the experiment was repeated (0.066 and 0.012 cpm/µg of total RNA/min for the unmethylated and methylated alleles, respectively; data not shown). The observed difference between the transcription rates from am RIP8 in the dim-2 (N1224) and dim + (N1223) strains was comparable with the difference between the transcript levels of this allele in N617 and N618 (data not shown). Furthermore, the half-lives of the am RIP8 transcripts were similar in the methylated (dim + ) and unmethylated (dim-2) backgrounds (data not shown). We conclude that the difference in the steady-state levels of the am RIP8 transcripts was attributable to a difference in transcription rate rather than a difference in mRNA stability.
Transcription initiation occurs from the methylated
The in vivo labeling experiments demonstrated that methylation inhibited transcription of the am RIP8 allele but did not identify the level at which this effect was occurring. To investigate whether initiation of transcription was inhibited, we performed nuclear run-on assays, which measure transcription from polymerases engaged when the nuclei are isolated (Groudine et al. 1981; Schilling and Farnham 1994) . The nuclear run-on assay has been used successfully to demonstrate transcriptional regulation of Neurospora genes (Paietta 1989; Sommer et al. 1989; Loros and Dunlap 1991) . To validate the assay for the am gene, we took advantage of a strain containing a promoter deletion that eliminates the production of am transcripts (M. Rountree and E. Selker, unpubl.) . Nuclear run-on reactions performed with nuclei from this strain showed no am transcriptional activity, whereas reactions performed with nuclei from wildtype cells showed robust signals, suggesting that the am signal results from normal initiation dependent on the am promoter (data not shown). Labeled RNA samples produced in the nuclear run-on reactions performed with the methylated (dim + ) am RIP8 strain (N617) or with the unmethylated (dim-2) am RIP8 strain (N618) were used to probe slotblots with denatured plasmids containing genes of interest (Fig. 5 ). The signals obtained for genes assayed for positive controls, mtr, cox5, and rDNA, appeared equal using RNA produced with the dim-2 or dim + nuclei. Interestingly, the signals obtained for the methylated and unmethylated am RIP8 templates were also similar. The pUC19 plasmid, which was included as a control for nonspecific hybridization, did not give a significant signal. Four independent sets of reactions produced equivalent results. Quantitation of the results depicted in Figure 5 , standardized with mtr, showed that the signal from the unmethylated am RIP8 allele was 69% of that from the methylated allele. This difference cannot account for the greater than fivefold difference in transcript levels and transcription rates measured for the unmethylated and methylated am RIP8 allele. Thus, these results suggest that transcription initiation from the am RIP8 allele is not significantly inhibited by methylation. ; dim-2 ()]. The transcription rates of the am RIP8 allele in the methylated (N617) and unmethylated (N618) states was estimated from the slope of the best-fit line over the first three time points. Transcription rates of the unmethylated histone H4 gene were very similar in the sibling strains, N1223 (0.194 cpm/µg of total RNA/min) and N1224 (0.188 cpm/µg of total RNA/min).
Although the control reactions with the am promoter deletions suggested that the observed signals were specific, we did one additional control experiment to eliminate the possibility that the strong signals obtained for the am RIP8 allele were somehow attributable to nonspecific hybridization of the abundant rRNA. To test this possibility, we checked whether the signals were inhibited by ␣-amanitin under conditions that were known to inhibit RNA polymerase II by up to 80% (but not polymerase I or III; Tyler and Giles 1985) . As expected, the ␣-amanitin did not cause a reduction in the rRNA signals in the nuclear run-on experiments (Fig. 5) . Signals from the RNA polymerase II-transcribed genes mtr, cox5, and am RIP8 were dramatically reduced, however, demonstrating that the am RIP8 signal was not attributable to cross-hybridization of the rRNA (Fig. 5 ; data not shown).
Distribution of RNA polymerase II along the methylated and unmethylated am RIP templates
Results described above indicated that methylation inhibited transcription of am RIP8 without significantly affecting transcription initiation. To determine whether the effect of methylation was at the level of transcription elongation, we used the nuclear run-on assay to localize transcriptional activity of the am RIP8 allele, when methylated or unmethylated. Plasmids containing am RIP8 or cpc-1 sequences were digested with restriction enzymes to divide these genes into fragments. The fragments were separated by gel electrophoresis, visualized with ethidium bromide (Fig. 6A) , transferred to membranes, and probed with RNA labeled in nuclear run-on reactions conducted with nuclei from the methylated am RIP8 (dim + ) strain (N617) or the unmethylated am RIP8 (dim-2) strain (N618) in the presence of limiting uridine triphosphate. Labeled RNA from the dim-2 strain (N618) gave strong signals for all three of the am RIP8 fragments (Fig.  6A, a-c) . In contrast, the labeled RNA from the dim + strain (N617) showed little hybridization to the downstream fragment, c (Fig. 6A ), but gave strong signals for fragments a and b. The comparable signals obtained for Figure 5 . Analysis of am RIP8 transcription in dim + and dim-2 backgrounds by the nuclear run-on assay. Slot-blots containing 5 µg of linearized denatured plasmids or 5 µg of a denatured rDNA fragment were probed with [ 32 P]UTP-labeled transcripts isolated from nuclear run-on reactions. The pUC19 plasmid was included as a negative control, whereas the rDNA fragment and the plasmids containing the mtr and cox5 genes served as positive controls. The first two panels show representative blots probed with labeled RNA from nuclear run-on reactions conducted with nuclei isolated from N617 (am
RIP8
; dim + ) and N618 (am
; dim-2). The right panel shows a blot probed with labeled RNA from a run-on reaction performed with N617 nuclei in the presence of 1 mg/ml of ␣-amanitin. (Fig. 6A ,*) using RNA made from either the dim + (N617) or dim-2 (N618) strains. Results of probing the cpc-1 gene fragments with RNA from the two strains were equivalent (Fig. 6A) . No signal was seen for either of the two fragments that lie upstream of the cpc-1 transcription start site (Fig. 6A, e and f) . These results were reproducible in four independent sets of reactions (data not shown). In addition, results equivalent to these with am RIP8 were obtained with am RIP6 in reactions conducted using nuclei from dim + (N1421) or dim-2 (N1422) strains (Fig.  6B) , and cpc-1 (Fig. 6) , as well as arg-2 (data not shown), were low compared with the downstream fragments suggests that the engaged RNA polymerases progressed along the template before the addition of [ 32 P]UTP in the run-on reactions, perhaps during isolation of the nuclei. In some cases, progression of polymerases was significant enough to result in very little signal for the most 5Ј fragment, confirming that little or no initiation was occurring in these reactions (data not shown). Increasing the concentration of EDTA in the nuclei isolation buffer and decreasing the time for nuclei isolation appeared to reduce this premature movement of the polymerases (data not shown). Altogether, these results demonstrate that methylation prevented elongation until after the nuclei were isolated. We conclude that DNA methylation can affect the distribution of RNA polymerases along a methylated gene.
Same effect at a second locus
To explore the possibility that the inhibitory effect of methylation on transcription described above is a general function of methylation associated with genes altered by RIP, we analyzed a methylated allele (mtr
RIP42
; Fig. 7A , lane 4) from a second gene that is normally unmethylated, mtr, the structural gene for the Neurospora neutral amino acid permease (Koo and Stuart 1991) . This allele and a control allele lacking detectable methylation (mtr
RIP70
; Fig. 7A, lanes 1-3) were obtained by first building a strain with an ectopic copy of the mtr gene, crossing the strain to unleash RIP, and then selecting progeny that had inherited a single, mutated, allele of mtr (M. Rountree, A. Hagemann, and E. Selker, unpubl.) . The methylation associated with the mtr RIP42 allele was upstream of the transcription start site in the presumptive promoter region. Treatment of the mtr RIP42 strain with 5-azaC resulted in only partial reduction of methylation, perhaps because of the permease defect of this strain (data not shown). The mtr RIP42 allele was therefore crossed into a dim-2 background to test the effect of the methylation (Fig. 7A, lane 5) . Northern analysis of total RNA from this strain showed the transcript level from the unmethylated mtr allele (mtr
) was equivalent to that of the wild type in both dim + and dim-2 backgrounds (Fig. 7B, lanes 1-3) . No mtr transcripts were detected from the methylated (dim + ) mtr RIP42 allele (Fig.  7B, lane 4) ; however, when methylation was prevented by the dim-2 mutation, transcripts accumulated (Fig. 7B,  lane 5) .
Transcription from the mtr RIP42 allele was also assessed using nuclear run-on assays with nuclei isolated from methylation proficient (dim + ) and methylation deficient (dim-2) strains. The signals obtained for the methylated and unmethylated templates were very similar (data not shown), as with am
RIP8
. Thus again, despite promoter methylation, initiation of transcription was not appreciably impaired by the DNA methylation.
Discussion
We investigated possible effects of DNA methylation on transcription of genes altered by RIP in Neurospora crassa. Availability of the dim-2 mutation, which abolishes methylation in Neurospora (Foss et al. 1993 ), al- ; dim-2 (lane 5)]. Genomic DNA (750 ng) was digested with the methylation-sensitive restriction enzyme Sau3A1 and hybridized to an mtr probe. Size standards (kb) are indicated at right. The Southern blot was stripped and reprobed with the unmethylated am gene to ensure complete digestion of the DNA (data not shown). (B) Corresponding Northern analysis of total RNA (10 µg) from the strains depicted in the Southern blot. The blot at top was probed with mtr, whereas the equivalent blot in the middle was probed with am. The blot at bottom is a methylene blue staining of the rRNA from the blot at top. lowed us to distinguish between effects of mutations and effects of DNA methylation. None of the methylated am RIP alleles or the methylated mtr RIP42 allele showed appreciable levels of steady-state transcripts. When methylation was prevented with 5-azaC or dim-2, however, steady-state transcript levels from these alleles increased dramatically. It is formally possible that loss of methylation activated a regulator of the am and mtr genes, but this is unlikely for several reasons. Despite extensive genetic research on these genes, no such regulator has been identified. Also, no methylated normal (i.e., non-RIPed) protein coding genes have been found in Neurospora. Furthermore, our observation that loss of methylation throughout the genome, induced either by 5-azaC treatment or by using the dim-2 mutation, had no effect on the steady state transcript levels from the unmethylated wild-type am and mtr genes (see Fig. 2 and Fig. 7) , argues against the existence of a methylationsensitive regulator of these genes. Thus, almost certainly, methylation of the am RIP alleles and the mtr RIP42 allele was responsible for reduced transcript levels. It was conceivable that the reduction of transcripts caused by methylation resulted from reduced transcription or reduced transcript stability. By labeling RNA in vivo, we determined that the unmethylated am RIP8 allele was transcribed over five times faster than the methylated version, whereas the half-lives of their transcripts were equivalent. Thus, methylation inhibited transcription per se. To determine the level at which methylation was inhibiting transcription, we performed nuclear run-on experiments. Our results corroborated reports that nuclear run-on assays detect transcription from transcription complexes established before isolation of the nuclei (Groudine et al. 1981; Schilling and Farnham 1994) . Elongation, but not initiation, of transcription occurred in vitro. We verified that run-on signals for the am gene required the am promoter and were sensitive to ␣-amanitin. Unexpectedly, our results demonstrated that dense promoter methylation did not appreciably interfere with initiation of transcription. Additional assays revealed a marked difference in the distribution of active RNA polymerase complexes along the unmethylated and methylated am RIP8 and am RIP6 templates. Active complexes were detected along the entire length of the unmethylated templates. The methylated templates lacked transcriptional activity in the downstream portions of the gene, however, implying that methylation affects elongation of RNA polymerase complexes.
Polymerases paused or arrested in the 5Ј portion of the methylated am RIP8 and am RIP6 templates were activated apparently under the conditions of the nuclear run-on assays. A similar override of transcriptional regulation in nuclear run-on assays has been seen for the uninduced Drosophila hsp70 and hsp26 genes (Rougvie and Lis 1988; Vazquez et al. 1993) , the murine dhfr gene (Schilling and Farnham 1994) , and the human proto-oncogene c-myc (Eick et al. 1994) . In each case the signals obtained in the run-on assays for the nonactivated genes was shown to be attributable to artificial activation of RNA polymerase molecules paused near the start of transcription. Movement of the RNA polymerase molecules before and during the nuclear run-on assays made it impossible to determine where polymerase molecules had stalled on the methylated template in vivo.
The results of our first nuclear run-on experiments are reminiscent of some results with transgenic plants that showed gene silencing by introduced homologous sequences (de Carvalho et al. 1992; Dehio and Schell 1994; Ingelbrecht et al. 1994; Smith et al. 1994; Mueller et al. 1995) . In many cases, the silenced genes were methylated, and like the methylated alleles that resulted from RIP (e.g., am RIP5 , am RIP6 , am RIP8 , and mtr RIP42 ), they produced abnormally low levels of stable mRNA. In the plant systems, it is not yet known whether methylation is necessary for the reduction in transcript levels. Some silenced plant genes appear to be transcribed as assayed by the nuclear run-on procedure, and this led investigators to conclude that the genes were silenced post-transcriptionally. In light of our findings, it may be prudent to reexamine this conclusion. It is generally assumed that inhibition of transcription by DNA methylation occurs primarily, if not exclusively, at the level of initiation. There are previous findings, however, that have suggested that methylation can inhibit elongation. Results of transfection experiments have shown that methylation of just the promoter-distal portion of a gene can, in some cases, interfere with expression (Keshet et al. 1985) . Additional evidence comes from a study of methylation induced premeiotically (MIP) in the fungus Ascobolus immersus. MIP is a gene silencing process similar to RIP that results in extensive methylation without mutations (Rhounim et al. 1992; Rossignol and Faugeron 1994) . Barry and colleagues (1993) showed that methylation of a portion of the coding region of a gene can block transcription elongation. The effect of methylation by MIP on transcription initiation was not tested. The results of our nuclear run-on assays indicate that functional transcription complexes are able to assemble at methylated promoters. It is noteworthy in this context that methylation of all CpG sites within the mouse metallothionein 1 promoter does not prevent binding of the transcription factors TFIID and TFIIA to the TATA region in vitro (Levine et al. 1992 ).
We do not yet know how methylation effects transcription elongation. In principle, methylation could directly or indirectly interfere with transcription elongation by blocking progression of the polymerase or by preventing activation of the transcription complex bound at the promoter. Some transcriptional activators, such as those responsible for activating the c-myc gene, have been shown to enhance transcription by increasing the processivity of transcription complexes (Yankulov et al. 1994) . Although the possibility that methylation could prevent the activation of the transcription complex is intriguing, there are hints that this was probably not the case in our system. First, the methylation associated with am RIP8 does not extend appreciably beyond the proximal promoter into the region of the upstream enhancer-like elements. Second, preliminary run-on experiments using a strain with a deletion of the am up-stream enhancer-like elements revealed that this region is required for efficient transcription initiation (M. Rountree and E. Selker, unpubl.). Thus, it seems unlikely that methylation was interfering with transcription elongation from the am RIP alleles by preventing the action of the enhancer-like elements. It remains possible, however, that methylation prevented the binding of a transcription factor required for elongation, but not for initiation, such as TFIIH (Yankulov et al. 1996) . It is also possible that methylation interfered with elongation, per se. If so, the fact that heavily methylated templates were efficiently transcribed in our nuclear run-on reactions suggests that the inhibitory effect was indirect.
Although methylation can directly interfere with binding of some transcription factors (Kovesdi et al. 1987; Watt and Molloy 1988) and may directly inhibit transcription initiation in some cases, there is precedent for indirect effects of methylation on transcription. For example, Graessmann and Graessmann (1993) showed that methylated herpes simplex virus thymidine kinase gene introduced into nuclei of rat cells remains active for many hours. Bird and his colleagues showed that inhibition of transcription by methylation in vitro is an indirect effect and presented evidence that MeCPs are responsible for inhibition of transcription by methylation (Boyes and Bird 1991, 1992; Nan et al. 1997 ). Although it is generally assumed that the effect of methyl-DNAbinding proteins is on promoter function, they might also inhibit elongation. The effects of methyl-DNAbinding proteins may depend in each case on several factors including the distribution and density of methylated sites in the promoter and coding regions as well as the characteristics of the promoter (Bird 1992) . The inhibition of transcription elongation that we observed in Neurospora involved templates with high levels of methylation within the promoter and coding region; they were not particularly CG poor, and most cytosines were methylated . Of course it is also possible that methyl-DNA-binding proteins work differently in different organisms.
Our finding that the DNA methylation frequently associated with sequences mutated by RIP blocks transcription raises both mechanistic and evolutionary questions. Could inhibition of transcription from a thoroughly mutated gene be advantageous? One can imagine scenarios in which transcripts from defective genes, such as those resulting from RIP, would be detrimental to an organism. For example, a transcript from a mutated retroelement might still be copied by reverse transcriptase and then inserted into the genome. In addition, the possibility that a mutant transcript could be translated into a poisonous product cannot be dismissed. It is also conceivable that an aberrant transcript might itself have negative effects. It has been suggested, for example, that gene silencing in vegetative cells of Neurospora by homologous transgenes (''quelling'') may be caused by aberrant transcripts from the introduced sequences (Cogoni et al. 1996) . Thus, methylation of sequences altered by RIP, like RIP itself, may limit damage to the structure and function of the genome.
Materials and methods
Strains, media, and genetic procedures
Neurospora strains used in this study are listed in Table 1 . Standard Neurospora culture conditions and genetic techniques were used (Davis and DeSerres 1970) , except as indicated.
Nucleic acid isolation
Conidia (∼1 × 10 7 conidia/ml) were germinated in 50 ml of Vogel's liquid media with the appropriate supplements at 33°C, shaking at 200 rpm for 3 hr. The culture was then split into two 30-ml Corex tubes: one for RNA isolation containing ∼10 ml of crushed ice and one for DNA isolation. Total RNA was extracted from the germinated conidia using a procedure adapted from McKinney et al. (1993) . The germinated conidia were pelleted by centrifugation at 5000 rpm in a Sorvall SS34 rotor for 5 min at 4°C, resuspended in 1 ml of cold 10 mM Tris (pH 7.6), 1 mM EDTA (TE), and transferred to a microcentrifuge tube. The germinated conidia were pelleted by centrifugation for 1 min at 4°C. Approximately 300 µl of acid-washed 240-to 300-µm glass beads in sterile water, 350 µl of phenol/chloroform/isoamyl alcohol (25:24:1), and 350 µl of NETS (300 mM NaCl, 1 mM EDTA, 10 mM Tris-HCl, 0.2% SDS) were added to the pelleted germlings and vortexed at top speed in a multitube vortexer for 10 min. The aqueous phase was separated from the organic phase of each sample by centrifugation for 5 min at 4°C. The aqueous phase was removed and split between two microcentrifuge tubes containing 700 µl of ice-cold 95% ethanol to precipitate the RNA. After incubation on ice for ∼15 min, the RNA was collected by centrifugation, washed with 70% ethanol, and resuspended in sterile water treated with diethylpyrocarbonate (DEPC). Genomic DNA was isolated as described previously (Oakley et al. 1987) except that the germinated conidia were disrupted by vortexing for 10 min in the salt extraction solution with ∼300 µl of glass beads.
Northern analysis
Total RNA (10 µg) was denatured and fractionated through 1.2% agarose gels containing MOPS buffer as described 
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Cold Spring Harbor Laboratory Press on October 16, 2017 -Published by genesdev.cshlp.org Downloaded from (McKinney et al. 1993) , except formaldehyde was omitted from the agarose gels (Liu and Chou 1990) and the RNA was transferred onto a nylon membrane (Zetabind; Cuno, Inc.) in 5× SSC. The RNA was affixed to the membrane by UV cross-linking (FisherBiotech UV Crosslinker). The rRNA was visualized by soaking the blots in methylene blue stain (0.03% methylene blue, 0.3 M NaOAc at pH 5.2) with gentle agitation for 2-3 min, followed by four to five rounds of rinsing in deionized water (Wilkinson et al. 1990 ). Membranes were prehybridized for 1-2 hr at 60°C in 250 mM sodium phosphate (pH 7.4), 7% SDS, 1 mM EDTA, and 5% dextran sulfate. Hybridization probes were prepared by the random hexamer method (Feinberg and Vogelstein 1983) and added to the prehybridization solution. Hybridizations were performed at 60°C for 16 hr. Membranes were washed three or four times for 20 min each in 0.1× SSC, 0.5% SDS at 60°C and exposed to film with intensifying screens at −70°C.
Southern analysis
Genomic DNA (750 ng) was digested with at least a fivefold excess of restriction enzyme and analyzed by standard Southern hybridization methods (Sambrook et al. 1989) . Before hybridization, the DNA was UV cross-linked to the Zetabind membranes. The membranes were then baked at 60°C for ∼1 hr and then washed for 1 hr at 65°C in 0.1× SSC, 0.5% SDS. The ''1-kb ladder'' set of standards was purchased from GIBCO BRL. Hybridization probes were made by the random hexamer method (Feinberg and Vogelstein 1983) . After hybridization, the blots were washed three to four times in Zeta-wash (50 mM NaCl, 20 mM NaHPO 4 at pH 6.8, 1 mM EDTA, 0.1% SDS) at 60°C and exposed to film. Southern blots were stripped and reprobed with an unmethylated sequence to verify that the restriction digests were complete.
Methylation analysis
To estimate the level of methylation at a single methylationsensitive restriction site, genomic DNA was digested to completion with a given methylation-sensitive restriction enzyme (e.g., BamHI) in conjunction with a methylation-insensitive restriction enzyme (EcoRV or MboI) that has sites flanking the assay site. The methylation level was estimated using an Ambis Optical Imaging System (Ambis, Inc.). The lack of methylation at some of the sites flanking am RIP8 was indicated by complete digestion in single enzyme digests.
Nuclear run-on assays
Crude nuclei were isolated as described by Loros and Dunlap (1991) , except that germinated conidia were used in place of mycelium. Conidia (∼1 × 10 8 /ml) were germinated for 3 hr and pelleted in a 30-ml Corex tube. All steps in the isolation of nuclei were performed at 4°C. Cold acid-washed glass beads (750 µl) and 4 ml of solution A (1 M sorbitol, 7% Ficoll, 20% glycerol, 5 mM MgCl 2 , 10 mM CaCl 2 , 1% Triton X-100, 5 mM EDTA at pH 7.5) were added to the pellet. The germinated conidia were disrupted by vortexing for 15 sec four times with 30 sec on ice between the pulses. The solution was then clarified by low-speed centrifugation (1500g) for 10 min at 4°C and aliquoted to microcentrifuge tubes. The nuclei were pelleted by centrifugation (15,000g) for 10 min at 4°C, the supernatant was removed, and the nuclei were frozen on dry ice then stored at −70°C. Run-on reactions were performed as described (Hollick and Gordon 1993) , with some modifications. Nuclei were thawed on ice and pelleted by a brief spin in a microcentrifuge and resuspended in 100 µl of nuclei resuspension buffer (50 mM Tris-HCl at pH 7.5, 5 mM MgCl 2 , 50% glycerol, 10 mM 2-mercaptoethanol). Reactions were initiated by the addition of 100 µl of the reaction mix [80 mM (NH 4 . In the reactions shown in Figure 6 , the nuclei were isolated in solution A containing 25 mM EDTA and unlabeled UTP was not included. Reactions were incubated at 33°C for 10 min. The RNA polymerase II inhibitor ␣-amanitin (1 mg/ml) was added to some of the reactions to test the sensitivity of the production of the RNA polymerase II transcripts (Loros and Dunlap 1991) . The nuclei were pelleted at 6500 rpm in a microcentrifuge for 30 sec. They were then resuspended in 500 µl of NMC [75 mM (NH 4 ) 2 SO 4 , 4 mM MgCl 2 , plus 50 units of RNase inhibitor] and incubated in the presence of 20 µg/ml of RNase-free DNase (Pharmacia) at 37°C for 30 min. The nuclei were pelleted as before and resuspended in 200 µl of TES (10 mM Tris-HCl at pH 7.6, 5 mM EDTA, 1% SDS) containing 100 µg/ml of proteinase K and incubated at 42°C for 30 min. The solution was phenol/ chloroform/IAA (25:24:1) extracted, and the organic phase was back-extracted with 200 µl of TES. The two aqueous fractions were pooled and chloroform-extracted. The RNA was then precipitated in ethanol in the presence of 2 M NH 4 OAc. A second DNase treatment was performed in 200 µl of NMC, followed by a phenol/chloroform/IAA extraction/back-extraction and ethanol precipitation as before. Plasmids (5 µg) were either linearized by digestion with a restriction enzyme, denatured with 0.4 N NaOH, and transferred through a slot-blot apparatus onto a nylon membrane (Zetabind) or restriction fragments were separated on a 1.5% agarose gel before transfer to nylon membranes. Blots were cross-linked and prehybridized in 0.5 M sodium phosphate (pH 7.0), 7% SDS, 5 mM EDTA at 64°C for 2-3 hr in 2-ml screw-top microcentrifuge tubes before the labeled RNA (typically 5 × 10 6 cpm/ml) was added. Hybridization was performed at 64°C for 10 min, and then the temperature was lowered to 55°C for 36 hr. Blots were washed twice for 15 min in 1× SSC, 1% SDS at room temperature and twice for 15 min in 0.1× SSC, 1% SDS at 55°C. The blots were exposed to film with an intensifying screen at −70°C.
Labeling RNA in vivo
Conidia (5 × 10 7 conidia/ml) were germinated at 33°C with shaking (200 rpm) in a modified Vogel's liquid medium, in which the NH 4 NO 3 was replaced by 1.5 times (moles) as much NaNO 3 (Buxton and Radford 1982) , and containing alanine (1 mg/ml) and uridine (37.5 µg/ml). After 3 hr, prewarmed [5, H]uridine (35-50 Ci/mmole; NEN) was added to 35 µCi/ml. At various times, 10-ml aliquots were removed and incorporation was arrested by the addition of two volumes of ice-cold ethanol plus cycloheximide (100 µg/ml, final concentration) in a −70°C dry-ice ethanol bath (Crabeel et al. 1990) . For the ''chase'' portion of the experiment, unlabeled uridine (0.5 mg/ml) was added to the cultures after 30 min of labeling. RNA was extracted from the samples as described above and treated with DNase I as described for the nuclear run-on experiments. Labeled total RNA (typically 200 µg) was hybridized to blots as described in the nuclear run-on reactions at 60°C for 36 hr. Blots were washed for 15 min in 0.1× SSC, 1% SDS at room temperature, 30 min in 1× SSC at 60°C, 30 min in 1× SSC containing 20 µg/ml of RNase A at room temperature, and 30 min in 1× SSC at room temperature. The blots were dried at room temperature, cut into individual strips, and placed into scintillation vials.
The [
3 H]RNA hybridized to each slot was measured as described (Schilling and Farnham 1994) . The RNA was hydrolyzed by incubation in 500 µl of 0.1 N NaOH at 60°C for 1 hr and neutralized with 50 µl of 1 N HCl, before scintillation cocktail (Ecolume) was added, and samples were counted three times in a scintillation counter (Beckman LS6800). The signal obtained for the pUC19 vector on each blot was subtracted from the signals for gene-containing strips. The corrected am RIP8 (pBM7) signal was normalized to the signal obtained for the histone H4 gene (pPG21) at each time point. The rate of transcription was determined from the slope of a best-fit line generated for the first 10 min of labeling (Microsoft Excel). The approximate half-life of a transcript was determined by the approach to steady-state labeling method and checked by the classical pulse-chase method (Greenberg 1972; Crabeel et al. 1990; Herrick et al. 1990 ).
Plasmids
The following plasmids were used in these studies: pUC19 (Yanisch et al. 1985) , pMS2 (containing the wild-type am gene; Miao et al. 1994) , pBM7 (containing the am RIP8 allele; Singer et al. 1995) , pCVN2.9 (containing the mtr gene; Koo and Stuart 1991) , pSRcox5 (containing the cox5 gene; gift from M. Sachs, Oregon Graduate Institute, Portland), pCPC1-2 (containing the cpc-1 gene; Paluh et al. 1988) , and pKH1 (containing the entire 9.2-kb rDNA repeat unit; K. Haack and E. Selker, unpubl.) .
